to account for the efficient fluorescence quenching of internal tryptophans by dioxygen. In the crystal structure of enzymes processing large substrates, a channel involved in the capture and optimal presentation to the catalytic site is seen (2). Cavities and connecting channels identified in the interior space of a protein (3) confer flexibility and alternative packing arrangements that allow rapid transitions between structurally distinct states; in small globular proteins, however, it is not known whether these packing defects are important in controlling function by defining alternative pathways and hosting stations in the diffusion of a ligand to the active site. The ultra-low temperature x-ray diffraction experiment on the sperm whale myoglobin (Mb) mutant presented in this paper supports the viewpoint that pre-existing internal cavities play a major role in controlling the dynamics of ligand binding and can be modified by protein engineering.
C
onformational fluctuations have been proposed to account for the observation that diffusion of water or small ligands through the protein matrix is a global phenomenon involving virtually all regions of the protein, as suggested (among others) by Lakowicz and Weber (1) to account for the efficient fluorescence quenching of internal tryptophans by dioxygen. In the crystal structure of enzymes processing large substrates, a channel involved in the capture and optimal presentation to the catalytic site is seen (2) . Cavities and connecting channels identified in the interior space of a protein (3) confer flexibility and alternative packing arrangements that allow rapid transitions between structurally distinct states; in small globular proteins, however, it is not known whether these packing defects are important in controlling function by defining alternative pathways and hosting stations in the diffusion of a ligand to the active site. The ultra-low temperature x-ray diffraction experiment on the sperm whale myoglobin (Mb) mutant presented in this paper supports the viewpoint that pre-existing internal cavities play a major role in controlling the dynamics of ligand binding and can be modified by protein engineering.
The role of protein relaxation in Mb has been extensively investigated by laser photolysis because the photosensitivity of the complex of ferrous Mb with CO, O 2 , and NO makes it possible to populate intermediate states and to follow the structural dynamics involved in the relaxation of the protein and the migration of the ligand through the matrix. These diatomic molecules are small enough to migrate rapidly away from the metal and large enough to probe accessibility of atomic-sized cavities that are sparse in the structure and interconnected through fluctuating channels (3) (4) (5) . The high photosensitivity of the MbCO adduct, with unitary quantum yield (6) , makes this derivative an ideal model for time-resolved crystallography (7) using intense synchrotron x-ray sources.
Previous crystallographic studies on the photolyzed state of wild-type (wt) sperm whale Mb showed the photodissociated CO* to reside in the heme pocket near the metal but at nonbonding distance, both at room temperature in the first time-resolved nsec diffraction experiment (7) and at ultra-low temperatures (8) (9) (10) . Differences in the location of CO* observed in the cryogenic x-ray diffraction experiments were attributed (partially or totally) to a variable degree of photolysis related to the experimental protocol and͞or the temperature. The results indicate (see ref. 10 for a discussion) that the photolyzed CO* is located largely 3.6-3.7 Å from the Fe (which moves out of the heme plane by Ϸ 0.3 Å), in agreement with optical absorption and polarized IR time-resolved studies, as well as molecular dynamics calculations (11) (12) (13) (14) . A study of the structural dynamics of Mb by x-ray diffraction may provide an answer to some interesting questions, such as: (i) How far could the niche hosting the photolyzed CO* be considered a docking site? (ii) To what extent could this niche be controlled by the nature of the side chains in the distal heme pocket? (iii) Could protein engineering allow one to modify the pathways for ligand migration through cavities and channels within the protein matrix, to and from the iron? An answer may come from a combination of time-resolved spectroscopy, molecular dynamics simulations, x-ray crystallography of intermediate states, and mutagenesis, as shown by the experiment reported below.
Our results on the Mb mutant called Mb-YQR (15) indicate that the intramolecular pathway of the photolyzed CO* can be modified by hindering the primary docking site identified in wt Mb (see above), while making another pre-existing cavity more easily available to host the ligand; thus engineering proteins with alternative dynamic pathways for ligands and substrates seems possible. The result supports the view that internal cavities and channels play a role in determining the overall reaction kinetics and thus acquire physiological value by controlling the oxygen affinities of heme proteins.
Materials and Methods
Biochemistry. Mutant Mb-YQR was expressed in Escherichia coli and purified as described by Travaglini-Allocatelli et al. (16) . Crystals were grown at 21°C by using the vapor diffusion technique as described by Phillips et al. (17) , by mixing 5 l of 1 mM protein with an equal volume of the reservoir solution consisting of 2.7 M ammonium sulfate in 20 mM Tris⅐HCl at pH 8.7 and 1 mM EDTA. Crystals grow in approximately 2 weeks and exhibit the hexagonal space group P6 (for details on data collection and cell dimensions see Table 1 ).
Crystallography. Data collection. Mb-YQR-CO crystals were obtained by soaking crystal fragments of Ϸ 100 m 3 in COsaturated mother liquor containing 8 mg͞ml dithionite until a clear color change occurred. The same solution supplemented with 10% xylitol and 10% glucose was used as cryoprotectant in which the crystals were rinsed briefly before flash-freezing in liquid nitrogen.
Both data sets were collected to 1.4-Å resolution from the same crystal: first, the CO-bound complex was collected at 100 K by using an Oxford cryostream; then the photolyzed data set was collected at 20 K by using an open-flow helium cryostat. Photolysis was achieved by using the white light from a fiberoptic microscope illuminator run continuously at low power 10 min before and during data collection, as described by Schlichting et al. (8) . Diffraction data were collected at beamline X12C at the Brookhaven synchrotron by using a wavelength of 0.91 Å and the Brandeis 1k ϫ 1k charge-coupled device detector. Data reduction and scaling were done with XDS and XSCALE, respectively (18) . Data statistics are shown in Table 1 .
Refinement. The structure of the unliganded complex of Mb-YQR (15) was used as a starting model for the refinement of the photolyzed complex after omitting water and sulfate molecules. After one round of refinement with XPLOR [including simulated annealing (T ϭ 2,000 K) to remove model bias], the refinement was continued with PROTEIN͞REFMAC (19, 20) . Electron density maps were inspected with the program O (21) . The CO molecule had good electron density from the first round of refinement onward and was included at the last step that included anisotropic B factor refinement and a wARP run to pick water molecules (22) .
The final model of the photolyzed complex (with B factors set to 15.0 Å 2 ) was used as a starting model for the refinement of the data of the bound complex. The same set of reflections was used for calculation of R free in both cases, and the refinement procedure (including the simulated annealing step) was the same. The final refinement statistics are given in Table 1 .
Results and Discussion The Structure of Carbonyl Mb-YQR: L(B10)Y͞H(E7)Q͞T(E10)R.
The high quality of the crystals of Mb-YQR and their diffraction data allow a detailed analysis of the structural features in the ground state (CO-bound) and after photolysis. The structure of the mutant already was shown by Brunori et al. (15) to be identical to wt sperm whale Mb outside the immediate environment of the distal heme pocket for both the deoxy and the oxy derivatives (at 1.7-to 1.8-Å resolution). The new data at higher resolution (1.4 Å) confirm this conclusion for the CO derivative. It may be recalled that in wt deoxy Mb a water molecule is present in the distal pocket and stabilized by a H bond with the distal His(E7)64 (23); in contrast, deoxy Mb-YQR does not have a water molecule because Tyr(B10)29 would interfere sterically.
Examination of the CO geometry with respect to the heme (Table 2) shows the angle Fe-C-O to be within the range observed for wt and other mutants of sperm whale MbCO (23) (24) (25) . The electron density maps and the derived parameters of the heme iron geometry (Table 3) show that the Fe(II) is The Photolytic Intermediate. Irradiation of the Mb-YQR-CO crystal with white light by using the experimental setup described by Schlichting et al. (8) is associated with very clear changes in the electron density map. As shown in Fig. 1B , several differences are observed between the electron density maps of the CObound and the photolyzed state. The most prominent one is the loss of density of the CO bound to the Fe(II) and the appearance of new density away from the pocket in a site behind Tyr(B10)29.
The new prominent peak seen in the photolytic intermediate can be fitted with CO (and is inconsistent with H 2 O), and its integrated electron density accounts for a full occupancy of CO, with a B factor comparable to the average B factors of the molecule (see Table 1 ). This finding implies that under the conditions of the experiment essentially all of the photolyzed ligand moves to the new position and none remains bound to the heme, nor is present in the primary docking site, where it was observed in the photolyzed state of wt Mb (7) (8) (9) (10) .
The niche hosting the photolyzed CO* (Fig. 2) is lined by residues Gly(B6)26, Ile(B9)28, Tyr(B10)29, Gly(E8)65, Val(E11)68, Leu(E12)69, and Ile(G9)107. This secondary docking site corresponds to one of the Xe-binding sites identified by Tilton et al. (26) in the crystallographic structure of wt met Mb obtained at high pressure (7 atm, 1 atm ϭ 101.3 kPa) of Xe, and in fact is the so-called Xe [4] binding site. Upon Xe binding, a significant decrease in the thermal B factors of these side chains was reported (26) .
The protein side chains in the photolytic intermediate of Mb-YQR undergo small displacements, which are nevertheless interesting. On the distal side, Tyr(B10)29, Gln(E7)64, and Val(E11)68 are only slightly perturbed (see Fig. 1 A) ; the shift of Tyr(B10)29 is small (0.4 Å) compared with that seen in going to deoxy Mb-YQR (where the hydroxyl is 2.7 Å away from that seen in the CO state), but nevertheless it swings further away. On the proximal side, the metal and the proximal His(F8)93 move away from the heme plane upon photolysis ( Fig. 1 A and B and Table  3 ), as shown also for wt Mb at cryogenic and room temperatures (7-10). , and residues Tyr(B10)29, Gln(E7)64, and His(F8)93 are shown in the following ligation states: deoxygenated, blue; oxygenated, red; carbonmonoxy, purple; CO* photolyzed at 20 K, green. The displacements of the hydroxyl group of Tyr(B10)29 and the amino group of Gln(E7)64, respectively, in going from the oxygenated to the carbonmonoxy state, are given in Å. It also may be noted that the side chain of Tyr(B10)29 slightly ''bounces'' toward the outside of the pocket in the photolyzed state with respect to the CO-bound state. (B) Electron density maps in the heme region calculated by using the measured structure factor amplitudes for Mb-YQR⅐ ⅐ ⅐CO* at 20 K minus the ones from Mb-YQR-CO bound. The map is contoured at 3-electron density. Shown are the bound CO of Mb-YQR-CO in a negative density region (red) and CO* clearly positioned in an elongated sphere of positive density (yellow). In addition, the position of other residues in the structure of the CO bound and the photolyzed states change: the iron moves out the porphyrin plane, and the proximal His(F8)93 (Lower) and Tyr(B10)29 (Upper) shift. The secondary docking site hosting CO* corresponds to that predicted by molecular dynamics simulations carried out to account for the time course of the geminate recombination of Mb-YQR (15); upon laser photolysis of NO bound to reduced Mb-YQR, the quantum yield for photodissociation is unusually high (Ϸ4% compared with 0.1% for wt Mb) and the geminate rebinding has a prominent, unusually slow kinetic component ( Ϸ 300 nsec) that almost disappears when the photolysis experiment is carried out in the presence of 10 atm of Xe. Molecular dynamics simulations (15, 27) indicated the photolyzed ligand occupies a secondary docking site that was assumed to correspond to the Xe [4] of Tilton et al. (26) . This prediction is now confirmed experimentally, as shown in Figs. 1B and 2 . The distance of CO* from the Fe(II) was calculated to be 8.5 Å, similar (but not identical) to that determined by diffraction, which is 8.1 Å. The laser photolysis data of geminate NO rebinding to Mb-YQR at 20°C indicate that only a fraction of the photolyzed ligand migrates to the secondary docking site, whereas the diffraction data at 20 K show that most of the CO* is located there.
Ligand Migration in the Protein. The secondary docking site was suggested (15) to become accessible to the photolyzed ligand because of flipping of the ␦-carbon of Ile(G8)107 occurring around 10 psec in the simulation, opening an access channel to the site. This same residue was reported to be along one of the exit channels for CO in simulations carried out by Elber and Karplus (4). Obviously if this was the primary access channel, fluctuations of Ile(G8)107 also occur at 20 K, suggesting a very small barrier. It is of interest that in the case of several mutants of Ile(G8)107, occupancy of a secondary docking site (presumably the same) was found to be unchanged when Ile was substituted by smaller side chains such as Ala, Val, or Leu, but was significantly reduced when substituted by Trp (28) . This finding is in agreement with the hypothesis by Brunori et al. (15) that a significant role may be assigned to Phe, which in Ascaris suum Hb occupies the same topological position (G8); in this protein both the geminate kinetics (13) and the overall O 2 dissociation rate constant (29) suggest that access channel to the secondary docking site is blocked by Phe.
Previous crystallographic work on the photolytic intermediate of wt Mb at cryogenic temperatures (20-40 K) and room temperature (20°C), in spite of some differences, shows that CO* resides by and large in the distal site, 3.6-3.7 Å from the metal, above the pyrrole C of the heme. The amino acid side chains confining the CO* were identified as: Phe(CD1)43, Ile(G8)107, Leu(B10)29, Val(E11)68, and His(E7)64. This primary docking site obviously is hosting the photodissociated ligand long enough to allow observation of geminate rebinding by laser photolysis. This extensively investigated phenomenon is most evident with NO because of higher intrinsic reactivity, but is also seen with O 2 and (least of all) with CO (13, 30, 31) .
The obvious question is why and how the new side chains in the distal pocket of the mutant Mb-YQR control the location of CO* in the protein matrix. An answer lies, in our opinion, largely in the nature of the residue at position (B10). As shown in Fig.  3 , if we superimpose the structures of the photolytic intermediates of wt Mb and Mb-YQR, the substitution of Leu(B10)29 with Tyr seems sufficient to account for the observation that the preferential docking site of CO* in the two proteins is different and (by and large) an alternative. The position of CO* in the primary docking site seems incompatible with Tyr at (B10)29 because the hydroxyl is only 2.8 Å away from CO*, which may account for the very low occupancy of CO* in the primary docking site in the photolytic intermediate of Mb-YQR. On the other hand, Leu at (B10)29 in wt Mb would clash with CO* if this were to occupy the secondary docking site, being only 2.4 Å away from it (see Fig. 3 ); thus this niche, which hosts Xe [4] , is less available for CO* in wt Mb. Other substitutions at position B10 were found to have an effect on the geminate kinetics of O 2, as reported by Scott and Gibson (28) . An interesting observation is that the fraction of the photolyzed ligand occupying the secondary docking site increased when Leu(B10)29 was substituted by Ala; in this mutant one expects a smaller steric interference compared with that shown in Fig. 3 , and thus the observation by (28) is compatible with the interpretation given above.
Scott and Gibson
Analysis of the structure (see Fig. 4 ) suggests a possible interpretation of the events occurring in the geminate rebinding after laser photolysis of liganded Mb-YQR and allows us to propose a pathway for ligand diffusion to the metal. The peculiar and unique kinetic feature of Mb-YQR is the very slow geminate rebinding of NO (15) . It may be thought that migration of the photolyzed ligand from the secondary docking site to hit the iron could be the cause; however, because Ile(G8)107 in the access channel seems not to provide enough of a barrier, a more plausible explanation may be found in the substantial conformational change of Tyr(B10)29 and Gln(E7)64 occurring upon deoxygenation of Mb-YQR (Figs. 1 A and 4) . This motion, which is not seen at 20 K, is likely to occur at room temperature quickly enough to impose a substantial barrier to ligand approach near and rebinding to the Fe(II). Therefore, migration of CO* from the secondary docking site may be rapid, but close approach to the iron may depend on a concerted movement of Tyr(B10)29 and Gln(E7)64 to their deoxy configuration, which imposes a substantial barrier.
Concluding Remarks. This crystallographic experiment on the intermediate obtained by laser photolysis of the CO complex of the Mb mutant called Mb-YQR has shown that at 20 K the photolyzed ligand CO* occupies a niche or docking site that is completely different from that seen for the photolytic intermediate in wt Mb (7) (8) (9) (10) . The agreement we observed between the room temperature laser photolysis data obtained with the NO adduct (15) , the molecular dynamics simulations (15) , and the present crystallographic data at 20 K strongly suggests that the secondary docking site hosting the ligand (Fig. 1B) is the same over this temperature range. This finding substantiates the significance of cryogenic experiments for the interpretation of biochemically relevant reactions studied at room temperature, in agreement with the conclusions drawn from the first temperature-dependent x-ray diffraction experiment carried out on Mb (32) .
Previous work by molecular dynamics simulations (4, 5) and random mutagenesis (33) indicated that the photolyzed ligand can migrate through the protein via a limited number of pathways. Three predominant trajectories were identified (4), with the ligand hopping between cavities before escape to the solvent. Ile(G8)107, gating the channel to the secondary docking site, and Leu(B10)29 were identified along the escape route for the photodissociated ligand. The mutations introduced in Mb-YQR, which include B10 as well as the distal residue (E7), seem to have altered the preferential pathway of the diatomic molecule diffusing inside the protein, and thus the docking site that the dissociated ligand is going to occupy. To a first approximation, the single mutation at Leu(B10)293Tyr dictates the docking site predominantly occupied by CO* in wt Mb and Mb-YQR. Although this experiment has been carried out with CO, the significance of dynamic events and fast fluctuations of protein side chains in controlling the overall kinetics and thus the affinity of a heme protein for O 2 , recently has been highlighted (34) in a short provocative paper. A possible mechanism for control of the O 2 geminate rebinding rate to deoxy Mb-YQR is suggested to demand a concerted conformational change of Tyr(B10) 29 and Gln(E7)64 for close approach of the ligand to the metal.
In conclusion, we have evidence that, even for a small diatomic molecule, migration occurs through a limited number of pathways and docking sites, which can be engineered. This view is consistent with the approach taken by Scott and Gibson (28) , who described the geminate rebinding time course of a photodissociated ligand with two exponential events, reflecting mi- gration to the iron from two distinct docking sites. In the case of the NO geminate rebinding to Mb-YQR (15) , this was clearly sufficient to account for the observed time course, and because in this mutant the quantum yield for NO photodissociation is unusually large, analysis was very reliable. Thus, there was no need to resort to an analysis based on a stretched exponential equation to describe ligand rebinding coupled to protein relaxation. The picture emerging from the observation that migration of the diatomic molecule occurs through a small number of specific docking sites may seem at odds with the hyerarchical model proposed by Frauenfelder and coworkers (35) to account for the dynamics of ligand binding to proteins. Further work by protein engineering and time-resolved crystallography may lead to a better definition of the role of cavities and channels in allowing the diffusion of a ligand from the solvent to the active site through specific pathways, thereby controlling the biochemistry and functional dynamics of proteins.
